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ABSTRACT 
Stage 4 of a series of highly loaded stages was tested without slots and 
with slots and/or vortex generators to determine tile extent that these devices 
could extend the stable operating range of an 0.8 hub/tip ratio subsonic axial 
flow compressor stage. At design equivalent rotor speed, pressure ratio and 
efficiency of slotted stage 4 both with and without vortex generators were lower 
than the results obtained with the unslotted stage. The addition of vortex genera- 
tors upstream of the rotor and between the rotor and stator of a stage comprised 
of unslotted rotor 4 and slotted stator 4 produced a 10% increase in stage stall 
margin at  design speed. The peak pressure ratio remained about the same both 
with and without vortex generators, whereas, the addition of vortex generators 
resulted in a slight increase in peak efficiency. 
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SUMMARY 
A 0.8 hub/tip ratio single stage subsonic compressor was designed and 
tested without slots and/or vortex generators to determine the extent that these 
devices could extend the stable operating range of axial flow compressors. The 
stage was designed with zero rotor prewhirl, axial discharge flow, and constant 
exit total pressure across the span. The design velocity diagrams and predicted 
performance were based on the assumption that the rotor and stator blade ele- 
ment losses would be reduced by the addition of slots and vortex generators. 
Since the assumed reduction in wall losses did not completely compensate for the 
increased losses that have been observed in highly-loaded blade rows, increased 
blade camber was required near the walls to achieve a uniform stage exit total 
pressure profile. The rotor and stator blading were designed with 65-series 
airfoil sections. Blade aspect ratios, solidities, and maximum thickness distri- 
butions were generally consistent with design practice for compressor middle 
stages. 
The predicted and measured performance for the four configurations tested 
a r e  summarized in table 1. A l l  of the configurations failed to achieve their pre- 
dicted rotor and stage pressure ratio and efficiency a t  design equivalent rotor 
speed and corrected flow conditions. At design equivalent rotor speed the pres- 
sure ratio and efficiency of slotted stage 4,  both with and without vortex gen- 
erators,  were lower than the values obtained yith the rrnslotted stage. 

The e-ddltion of the rotor inlet vortex generators to the slotted stage pro- 
duced slight improvemelat in the rotor tip region losses with little change in the 
losses at  the hub, The addition of vortex generators upstream of the rotor and 
between the rotor and stator of a stage consisting of unslotted rotor 4 and slotted 
stator 4 produced a 10% increase in stage stall margin a t  design speed. The 
peak pressure ratio remained about the same both with a d  without vortex 
generators. 
INTRODUCTION 
Experience with highly-loaded axial-flow compressors has shown that the 
region of the flowpath most critical to achieving high performance is that area  
adjacent to the walls, In the wall region of these stages the flow is predominantly 
three-dimensional, whereas, at  midspan the flow is more nearly two-dimensional. 
The three-dimensional aspects of the flow result in a marked reduction in adiabatic 
efficiency and associated low total pressure ratio and flow near the wall. Because 
these factors generally represent a conversion of kinetic energy into internal 
energy at  an increase in entropy, the diffusion limits for a conventional blade 
row a r e  encountered near the wall, and stall or  compressor surge is  induced by 
flow separation in these regions. Further, the wall diffusion limits prevent the 
utilization of the full loading capacity of the midstream portion of the blade, 
since the reduction in flow near the walls causes an increase in the rnidspan 
velocity with a resultant decrease in midspan loading. These factors indicate 
that advanced compressor design concepts for the increase of allowable stage 
loading and stable, low-loss operating range should be concerned with the problem 
of three-dimensional flow near the walls. 
Previous attempts to increase allowable stage loading limits by means of 
slotted blading under NASA Contract NAS3-7603 (Reference 1) indicated good 
performance for the blade midspan regions, but poor performance near the walls. 
The relative effectiveness of the slots at niidspan and their ineffectiveness near 
the wall was attributed to the chordal placement of the slots and their inability to 
sufficiently reduce the three-dimensional flows in the wall region. To attain the 
full potential of highly loaded blading, methods must be developed to reduce the 
three-dimenslorad ( i ,  e , ,  seeolldaryj flow losses in this region. A single stage 
experimental investigation was  initialed with the fcallowis~g three approaches for 
the improvement of blade element in the wall region. 
1, Add blade-end slots and secondary now fences to Stage 3 of 
Contract NAS3-7603, 
2. Design and test two new stages, designated 4 and 5, with 
relatively high work input (blade camber) near the walls to 
compensate for the high losses. 
3. Evaluate blade slots and wall vortex generators added to 
stages 4 and 5 to reduce the wall losses. 
Experimental results obtained with Stage 3 modified with blade-end slots 
and secondary flow fences, including discussion of the design modifications, a r e  
presented in Reference 2. Discussion of the aerodynamic and mechanical de- 
sign of Stages 4 and 5 is  presented in Reference 3. This report presents the 
data and performance obtained with the following Stage 4 codigurations: 
1. Unslotted Rotor 4 - Unslotted Stator 4 (baseline configuration) 
2. Slotted Rotor 4 - Slotted Stator 4 
3. Slotted Rotor 4 - Slotted Stator 4 with vortex generators ahead 
of the rotor. 
4. Unslotted Rotor 4 - Slotted Stator 4 with vortex generators 
ahead of the rotor and between the rotor and stator. 
During the last  test (Item 4 above) one-third of the stator inlet vortex 
generators separated from the wall, and because the time at  which the separa- 
tion occurred could not be determined, their influence on stator performance 
could not be evaluated, 
DESIGN SUMMARY 
Blading Design 
An important premise for the Stage 4 blading design was the assumption 
that slots and vortex generators would reduce the rotor and stator blade element 
losses below the levels of loss  that were established as  a function of loading 
from the data of References 4 a rbugh  9. Additionally, it was specified that the 
rctor inlet and stator exit velocities were to he axial, an6 that the stator exit 
total pressure was to be constant across the span, A design rotor tip velocity 
4 
of 757 ft per see prolrided the desired tip inlet relative Mac11 No, of approxi- 
mately 0 - 8 ,  
The design velocity diagrams were calculated by means of a computer 
program which solves the continuity, energy, and radial equilibrium equations 
for an axisymmetric flow, Radial gradients of enthalpy and entropy were in- 
cluded in the calculation, and the influence of wall and streamline curvature on 
the radial distribution of static pressure was taken into account. 
Rotor and stator design velocity diagrams were selected in accordance 
with the foregoing assumptions, design requirements, and calculation procedure. 
NACA Series 65 blade sections with A = 1.0 meanlines (Reference 10) were 
selected for the rotor and stator blading to be consistent with the blading used 
under the Contract NAS3-7603 program (Reference 1). Other blade geometry 
variables such a s  chord length, aspect ratio, solidity, and maximum thickness 
were the same as,  o r  very similar to, those for the Reference 1 blading. (Slight 
departures in aspect ratio and hub/tip ratio resulted from the wall convergence 
at  the rotor and stator tips that was provided to limit the difhsion factors.) 
Design incidence (minimum loss) and deviation angles were calculated 
using the appropriate equations in Reference 11. For the rotor, 2 deg were 
subtracted from the calculated incidence angles in accordance with the minimum 
loss incidence results obtained under the Reference 1 program. 
Rotor and stator design velocity diagram data, blade element geometry 
data, and predicted performance for Stage 4, designed on the assumption that 
the losses would be reduced due to slots and vortex generators, a r e  presented 
in tables B-1 and B-2 of Appendix B. Symbols and performance variables a r e  
defined in Appendix A. Details of the Stage 4 blading aerodynamic and mechanical 
design a r e  presented in Reference 3. 
Design Predictions Without Slots and Vortex Generators 
Velocity diagrams and overall performance were calculated for the Stage 4 
blading without assuming reduced losses due to slots and vortex generators to 
provide comparative data for test results obtained with the baseline stage, The 
results of these calculations, a r e  presented in tables B-3 and B-4 of Appendk B, 
These results a r e  based on the assumptions that the rotor and stator deviation 
angles would be the same both with and without slots and that the unslotted stator 
blade elements would be operating close to minimum loss, The former assump- 
tion is consistent with the results obtained in Reference 1. 5 
Slot Design 
Four factors were considered for the selection of rotor arid stator s lot  
confiwra-tions n 
1.. Spanwise extent 
2, Chordal location 
3, Number 
4, Geometry 
Spanwise extent, chordal location, and the number of slots were based on 
the Stage 4 unslotted (baseline) test  results obtained a t  near design point operating 
conditions. Slot geometry was based on the results of a two dimensional potential 
flow analysis. Slot design details a r e  given in Reference 3;  a brief description 
of the slot design is given below for convenience. 
The estimated stalled regions on the rotor and stator suction surfaces at 
near design operating conditions a r e  illustrated in figure 1. The spanwise extent 
of the stalled regions was estimated on the basis of the axial velocity and loss 
coefficient distributions shown in the figure. The shape of the stalled regions 
generally conforms to secondary flow patterns that have been observed on cascade 
airfoils. The maximum spanwise extent of the slots was selected to cover the 
spanwise extent of the stalled regions on the suction surfaces. The chordal loca- 
tion of the slots was selected such that all of the slot flow would enter the suction 
surface flow ahead of the estimated flow separation line. Because of the larger 
radial flow gradients indicated by the axial velocity distribution for the rotor (as 
opposed to those indicated for the stator) two rows of slots were specified for  
the rotor. The upstream row, of lesser  spanwise extent, is intended to move 
the starting point of the stalled region beyond the downstream row. Chordal 
location and spanwise extent for the rotor and stator slots a r e  summarized below, 
Rotor and Stator Slot Location 
Chordal Location On 
Suction Surface 
(Percent Chord) 
Rotor 2 0 
Spanwise Extent 
(Percent from Tip) 
Slot geometry was evaluated on the basis of calculated pressure coefficient 
distributions for the airfoil section at  85% span from the tip of Stator 4, Two - 
6 
dimensional, steady , incompressible, and inviscid potential flow was assumed 
for these calculations. The 85% span section was selected 2s being representa- 
tive of both the rotor and stator section geometry near the wall. Slot geometries 
for  the rotor hub and tip and the stator tip sections were made geometrically 
similar to the configuration selected for the stator at 85% span. Final slot 
geometry and locations a r e  shown for several spanwise sections for the rotor in 
figures 2a and 2b, and for the stator in figure 3.  
Vortex Generator Design 
Based on the development of severe secondary flows in both the rotor and 
stator blade rows, as  indicated by the baseline test results, it was concluded 
that vortex generators should be designed for the inner and outer walls of both 
blade rows. The vortex generators a r e  intended, by means of turbulent mixing, 
to induce high momentum a i r  from the mainstream into the wall boundary layer 
flow and low momentum a i r  from the wall region into the mainstream flow, thus 
helping to unload the blades in the wall region and load the midspan region. 
Vortex generator design criteria presented in References 12 and 13, were used 
as a guideline for  the design of these wall vortex generators. The vortex genera- 
tors f o r  the rotor were located approximately 20 boundary layer thicknesses up- 
stream of the rotor leading edge positioned symmetrically in pairs to produce 
counter-rotating vortices. A boundary layer thickness of 0.41 in. was determined 
from rotor inlet total pressure traverse data obtained during the unslotted Stage 4 
test. Vortex generator height was set  equal to 1.1 boundary layer thicknesses, 
and they were equally spaced 2.7 heights apart a t  25% chord. The chord length 
was se t  equal to approximately twice the height. Based on the above criteria, 
a chord of 0.91 in. was desired. Sixty-five ser ies  airfoil stock with a 0.983 in. 
chord was available, and was used to expedite fabrication. The resulting con- 
figuration is shown in figures 4a and 4b. The s t r ip  stock had a maximum thickness- 
to-chord ratio of 9%, and a camber (based on an equivalent circular a r c  nieanlinel 
of 25 deg. To produce the maximum lift-drag ratio, an angle of attack of 14 deg 
was selected. 
Desigr, of the stator vortex generators was not straight-fofomvard sinee no 
clearly defined boundary layer exists daj~nstrealn of the rotor, and the upstream 
diqtance horn a "separation" point (such a s  the stalled regions on the stator 
vanes) l o r  pfaeeinent s f  the generators was limited, A pseudo boundary layer 
thiclmess was therefore defined as one-twentieth of the maximum distance 
a v ~  ilable for gerzer,ator placsme.al- upatxe2rn cf the ~ 6 ; ~ 1 ~ -  x:r i  -ho-a.d, Thus, 
with the vortex generator height set at  1-1 boundary Saver th icheases ,  the re- 
quired distance for brbuleni" mixing 13 provided be tw~ea  the g e ~ e r a t o r s  afid the 
"separation" point (stator mid-chord, in this case), One pair of counter-rotating 
vortex generators was provided for each stator vane passage. These vortm 
generators were fabricated from 0.020 in. sheet stock because of their small 
size. They were cambered 20 deg and installed at  an angle of attack of 10 deg. 
The chord angle was determined from the stator inlet a i r  angles measured dur- 
ing the testing of slotted Stage 4 with vortex generators ahead of the rotor, The 
resulting conlipration is shown in figure 4c. 
TEST EQUIPMENT 
Facility 
The compressor test facility is shown schematically in figure 5. The com- 
pressor i s  driven by a single-stage turbine, powered by exhaust gases from a 
575 slave engine, with compressor speed controlled by means of the engine 
throttle. The slave engine exhaust gas i s  also used to power an ejector for 
compressor wall boundary layer suction. Air enters the compressor test rig 
through a 103-ft. long combined inlet duct, plenum and bellmouth inlet, and is  
exhausted through an exit diffuser to the atmosphere. The inlet duct contains 
a flow measuring orifice designed and installed in accordance with ASME stand- 
ards. An area contraction ratio from plenum to compressor inlet of approx- 
inrzately 10:l provides near staglaation conditions in the plenum. The inlet duct 
and plenum were mounted on a track and can be rolled away from the compressor 
rig inlet to facilitate configuration changes, 
Compressor Test Rig 
A schematic of the single-stage compressor rig is shown in figure 6 ,  and 
the flowpath dimensions a r e  given in figure 5. The hub-tip ratio a t  the rotor 
inlet is 0,989, the test section has a constant hub diameter of 32,85 in., and 
the outer wall converges from a dia of 41,14 in, at  the rotor leading edge to 
39-99 in, at the stator exit, ( O ~ t e r  wall convergence was provided s t  the rotor 
and stator tips to control dl lhsion factor), Rotor bearing loads are k~*ansmitted 
to t11e rig ~wgpord through struts iocated in  the in l e t  and  exlmtrst case as.i,crnblieq, 
The inlet struts  are suffie6e;ntEy far ups l s san~  ~o their wakes axe dissipated 
ahead of the rotor, The stage design specifications oi- zero rotor prewhirl and 
axial discharge f low ell'minateci the need lor inlet an61 exit guide vanes, Flow- 
rate was varied with a set of rnotor driven throttle vanes located in the exhaust ease, 
Porous walls were installed for boundary layer suction at  tile rotor tip 
and the stator hub and tip as shown in figure 8. The porous wall was 0.060 in. 
thick and had 0.066-in. dia holes on 0.187-in. centers, providing an 11% open 
area. 
Instrumentation was provided to obtain overall and blade element per- 
formance data for each blade row. The locations of axial instrumentation sta- 
tions a r e  indicated in figure 7. Axial and circumferential locations of the in- 
strumentation a r e  shown in figure 9. 
Airflow was measured with the ASME standard thin plate orifice located 
in the inlet duct. Rotor speed was measured with an electromagnetic sensor 
mounted adjacent to a 60-tooth gear on the rotor shaft. Gear tooth passing fie- 
quency was displayed a s  rprn on a digital counter. Rotor rpm was also recorded 
on magnetic tape. Inlet total temperature was measured in the inlet plenum by 
means of five Kiel-type total temperature probes; inlet total pressure was 
measured in the inlet plenum by means of five I<iel-type total pressure probes. 
Six equally spaced static pressure taps were located on both the inner and outer 
walls upstream of the rotor (station 0). From a r ig calibration over a wide 
range of weight flows, .a correlation between bellmouth and orifice measured 
weight flow was derived and used to check subsequent weight flow measurements. 
Stage exit total temperature was measured at  nine radial positions at each 
of four circumferential locations using shielded thermocouples installed in 
radial rakes at Stations 2A and 3.  The stage exit temperature distributions 
measured with these radial rakes were used for rotor perforniance calculations. 
Redundant total temperature measurements at  Stations 1, 2, and 2A, were pro- 
vided by means of thermocouples in the 20-deg wedge traverse probes located 
at each of these stations. One 20-deg wedge traverse probe was provided at 
Station 1 to measure rotor inlet total pressure and a i r  angle. Two 20-deg wedge 
traverse probes were loeated at Station 2 (rotor exit) for total pressure and a i r  
anglc measurement; potor exit "Lot1 pressure was also measured at  five radial 
positions at one eircun~ferentral ocation wit11 a ICiei-head rake, Three sets of 
circumferential total pressure rakes were installed at  Station 2A (stator exit) 
for total pressure measurement, One set had ei re~zmfercntial rakes located at 
5, 30, and 85% span; the second set  bad rakes at 15, 50, and 95% span; and the 
third set  had rakes at 10, '70, and 90% span, Two 20-deg wedge probes were 
located at  Station 2A for the measurement of stator exit a i r  angle. 
Static pressures at  Stations 1, 2, and 2A were measured by means of 8-deg 
wedge traverse probes. Four inner wall and four outer wall static pressure 
taps, approximately equally spaced, were located at each of these axial stations. 
The pressure taps ahead of and behind the stator were located on extensions of 
the mid-channel streamlines. Stations 2 and 2A also had four inner and four 
outer wall taps installed across a vane gap to measure the static pressure varia- 
tion across the gap. Twenty static pressure taps were equally spaced between 
20 and 83% chord at  10 and 90% span on the suction surfaces of two stator blades, 
a s  shown in figure 10, for the baseline test. 
Total pressure and temperature radial rakes a r e  shown in figure 11. A 
typical circumferential total pressure rake is shown in figure 12. Twenty-deg 
and 8-deg wedge traverse probes a r e  shown in figure 13. 
Steady-state pressure data were measured with a multi-channel pressure 
transducer scanning system that includes automatic data recording on computer 
cards. Steady-state temperature measurements were also automatically recorded 
on computer cards by a multi-channel scanning system in conjunction with a tem- 
perature reference oven and a digital voltmeter. Traverse and transient pres- 
sure  data were recorded on magnetic tape at up to 600 samples per minute per 
channel. 
Two static pressure taps, located in the plenum, two outer wall static 
pressure taps a t  Station 0, and the total pressure radial rake at Station 2A (188" 
in figure 9), were close-coupled to transducers for transient recording during 
operation into and out of stall. A high response pressure transducer, mounted 
in a total pressure probe at  10% span from the tip behind the rotor, was used to 
detect the initiation of rotating stall. The transducer output was recorded on mag- 
netic tape and correlated in time with the transient recording of bellmouth static 
and stage exit total pressures. 
Five rotor blades were each instrumented with three strain gages, These 
strain gage outputs were displayed on oscilloscopes and visually monitored dur-- 
ing tests. Gage locations were determined in bench vibration tests with the 
aid of stress-coat and the selected locations were verified by a fatigue test. 
10 
PROCEDURES 
Test Procedures 
Wail Bleed Flow Selection 
Provisions were available for wall boundary layer bleed at  the rotor tip 
and stator hub and tip. Since the rotor and stator bleed Rows were independently 
controlled, the rotor bleed flow was selected prior to determining the stator 
bleed flow. With the baseline compressor stage operating at near design condi- 
tions, total pressures at 5% span from the tip downstream of the rotor, and 5 
and 95% span downstream of the stator, were monitored as  the rotor and then 
the stator bleed flows were varied between zero and maximum. The maximum 
bleed flow (limited by the perforated shroud effective flow areas) provided the 
largest improvement in the observed total pressures and was therefore selected 
for both the rotor and stator. With the exception of several points where the 
bleed flow was intentionally reduced the maximum bleed flow setting was main- 
tained throughout the Stage 4 test program. 
Performance Tests 
Overall and blade element performance data were obtained at 50, 70, 90, 
100, and 110% of design equivalent rotor speed for the unslotted baseline con- 
figuration, and 70 and 100% of design equivalent rotor speed for the slotted con- 
figuration and the two configurations with vortex generators. Six data points 
were recorded a t  each speed to de'fine stage performance between maximum ob- 
tainable flow and near stall. The near stall point was determined on the basis 
of flow, stage exit pressure,  and blade s t resses  monitored on oscilloscopes. At 
each test point t raverse surveys were followed by the recording of fixed pres- 
sure and temperature instrumentation data with the traverse probes withdrawn. 
Blade stresses were monitored during steady-state and stall transient operation 
at all rotor speeds, 
The influence of wall boundary layer bleed flow on performance was evaluated 
at design equivalent rotor speed for all codiguratfolss except the unslstted (base- 
line) eonfi@ration, Overall and blade element data were recorded with reduced 
bleed flow for two data points ad design emivalent rotor speed, One paint was at 
neae sfall klow arid the other a t  a flow approxim;ztely 5 Ib pei. set: greater than 
tlte tt31.i I l 0 1 ~ % 7 ,  
Transient measurenrlents of bellmouth static pressure, rotor speed, and 
stator exit total pressure were recorded ten times per see to define stall charae- 
teristies as the stage was operated iato and out of stall. The output from a high 
response pressure transducer, mounted in a total pressure probe behind the 
rotor, was also recorded and correlated in time with the other transient meas- 
urements to detect the initiation of rotating stall. A typical plot of the transient 
data is compared with an oscillograph record of the transducer signal in fig- 
ure 14. 
Data Reduction Procedures 
Data reduction was accomplished in two steps. The first step involved the 
use of two computer programs to (1) convert millivolt readings to appropriate 
engineering units, and (2) provide an array (tabulated and plotted) of pressure, 
temperature and air angle data at each axial station. Conversion of data to 
absolute values, appropriate Mach number corrections, and correction of pres- 
sures and temperatures to NASA standard day conditions were performed in the 
second computer program. 
The second step in the data reduction procedure involved the calculation 
of overall and blade element performance variables for the rotor and stator 
blades. The array of data provided in step 1 above was analyzed for the selec- 
tion of radial distributions of pressure, temperature, and ai r  angle at  each axial 
station for input into the overall and blade element performance computer pro- 
gram. Stator exit total temperatures were used for the calculation of rotor 
blade element data and rotor efficiency. 
Pressure ratios were calculated for the rotor, and the rotor-stator (stage). 
The rotor and stator exit total pressures were weighted according to local mass 
flow to obtain average values. The stator wake total pressures at each radial 
measuring station were mass averaged using the local total pressure in the wake 
and the 8-deg wedge probe static pressure to define local Mach No. Mass flux 
was then obtained from the relationship 
wl-rerc? T is measured total. temperahre and A is the flow area associated with 
each total pressure tube. With the radial distribution of total pressure and mass 
flux calculated, the total pressures were mass averaged in the radial direction. 
1 2  
ReIlinCl the rotor,  the selected radial distribution of total pressure was mass 
flow averaged using the 8-deg wedge probe static pressure aird stator exit 
radial temperature distributiorr to define weight flow. Wall static pressure data 
at each station was used to check the 8-deg wedge probe data. In addition to the 
four equally-spaced static pressure taps in the outer wall at Stations 2 and 2A, 
four taps were spaced across one stator gap to check the static pressure 
gradient associated with stator leading edges and/or wakes. These wall static 
pressures a r e  compared with the 8-deg wedge probe data extrapolated to the 
wall, for the baseline configuration in figure 15. The extrapolated pressures 
agree favorably with the wall static pressures. 
Performance and velocity diagram calculations were performed for each 
blade row along design streamlines that pass through 5, 10, 15, 30, 50, 70, 85, 
90, and 95% span at  the rotor exit instrumentation station. The measured static 
pressures were used in colljunction with measured total pressures,  total tem- 
peratures, and flow angles to define velocity distributions at each axial station. 
The performance and velocity diagram data were calculated directly from the 
measurements obtained at the instrumentation stations. Translation of these 
measurements to the blade-row leading and trailing edges was not considered 
necessary because, with the small wall convergence, the data at  the instrumenta- 
tion stations very nearly approximates that at the leading and trailing edges. 
Stall Transient Data 
Bellmouth static pressure at  incipient stall was determined from plots 
similar to the one shown in figure 14, and the corresponding weight flow was 
determined from the correlation of bellmouth static pressure and orifice flow 
shown in figure 16. Stage exit total pressures, also obtained from plots similar 
to the one shown in figure 14, were arithmetically averaged to obtain the general 
shape of the pressure ratio-flow characteristic up to the point of incipient stall. 
The steady-state data were extrapolated to the stall flow using the shape of the 
transient data curve as a guide line. Incipient stall points were determined in 
this manner for each rotor speed, 
PRESENTATION O F  DATA 
The data a r e  presentecl and d ise t~sscd  s e p ; ~ ~ a l e i y  for e a c h  of ibe  fcliir i*os1- 
fi,yration% A ssttmwrari7 c o i ~ ~ p a r i s o n  o f  performance tor the tour configurations 
follows the presentation of data, The order of presentation is outlined below 
for convenience to the reader. 
Unslotted Rotor 4 - Unslotted Stator 4 
Overall Performance 
Blade Element Performance 
Slotted Rotor 4 - Slotted Stator 4 
Overall Performance 
Blade Element Performance 
Slotted Rotor 4 - Slotted Stator 4 With Vortex Generators 
Ahead of the Rotor 
Overall Performance 
Blade Element Performance 
Unslotted Rotor 4 - Slotted Stator 4 With Vortex Generators Ahead of 
the Rotor and Between the Rotor and Stator 
Overall Performance 
Blade Element Performance 
The data for the baseline (unslotted) blading a r e  compared to predicted 
performance without the assumed improvement in wall losses. The data for 
the configurations with slots and/or vortex generators a r e  compared to the pre- 
dicted performance assuming that the losses would be reduced due to slots and 
vortex generators. Definitions of the symbols and performance variables a r e  
presented in Appendix A. 
Unslotted Rotor 4 - Unslotted Stator 4 
Overall Performance 
Overall performance data a r e  presented in terms of pressure ratio and 
adiabatic efficiency as functions of corrected weight flow ( ~ 6 1 6  ) and equiva- 
lent rotor speed (N/&) for the rotor and stage, respectively, in figures 17  
and 18. The solid symbol on the stall line is the stall  point determined from 
the transient data. Overall performance and bleed flow data for the steady- 
state data points a r e  presented in table A-1 of Reference 14. 
The rotor achieved an efficiency of 85,8% and a pressure ratio of 1,298 at 
design equivalent rotor speed and corrected flow ($10 Zb/see) compared with 
respective predicted values (without slots and vortex generators) of 86.8% and 
I. 335, Stage efficiency and pressure ratio were 73.0% and 1. 254 at design 
equivalent rotor speed and corrected flow ( f iwre  18) relative to predicted 
values of 78,1% and 1,305, 
Rotor Blade Alement Performance 
Blade element performance and velocity diagram data a r e  tabulated in 
table B-1 of Reference 14 for each of the nine design streamline locations. 
Rotor diffusion factor, deviation angle, and loss coefficient a r e  shown as  func- 
tions of incidence angle in figures 19a through 19i. A t  the design incidence 
angle for design speed the total pressure losses a r e  slightly higher than the pre- 
dicted values (without slots and vortex generators) at all locations except 30% 
span from the tip where the loss is equal to the predicted value. The greatest 
departures from the predicted loss occurred at 90 and 95% span. Deviation 
angles larger than design values from 70 to 95% span and from 5 to 15% span 
combined with increased midspan axial velocity, associated with the high hub 
region losses, resulted in lower than design diffusion factors between 30 and 
90% span. The diffusion factors within 10% span from either wall a r e  larger 
than the predicted values since the reduction in axial velocity in this region 
was sufficient to offset the reduction in loading caused by the large rotor devia- 
tion angles. 
Loss parameter versus diffusion factor is  presented in figures 20a through 
20e for 10, 30, 50, 70, and 90% span. Correlations of the minimum loss data 
of References 4 through 9 that were used to predict the performance of Stage 4 
without sl;ots and vortex generators a r e  included in the figures for comparison 
with the data, For design equivalent rotor speed, the loss parameter values 
that correspond to the minimum loss coefficients in figure 19 at 10 and 30% span 
a r e  slightly below the correlation curve, whereas at 50, 70, and 90% span they 
a r e  above the correlation curve. 
Stator Blade Element Performance 
The stator inlet Mach No. and a i r  angle distributions for design equivalent 
rotor speed a r e  shown in figure 21. The predicted distributions (without slots 
and vortex generators) a r e  included for comparison and, as indicated, the test 
data for near design equivalent weight flow (108.68 lb/sec) agrees closely with 
these values across the span, 
Blade elemelit performance and velocity diagram data are tabulated in 
table B-l of Reference 14 for each of the nine design streamline locations. Sta- 
tor diffusion factor, deviation angle, and loss coefficient a r e  presented as  func- 
tions of incidence angle in figures 22a through 22i, The diffusion factors a r e  
lower than the indicated predicted values across  We entire span, primarily 
because of the relatively large deviation angles seen In the figures and the 
associated high exit tangential velocities, The stator losses a t  design incidence 
angle a r e  l e s s  than the predicted values (without slots and vortex generators) 
f rom 50 to 95% span and larger  than the predicted values from 0 to 30% span, 
Loss parameter  i s  shown a s  a function of diffusion factor in figures 23a 
through 23e for  10, 30, 50, 70, and 90% span. Correlations of the minimum loss 
data of References 4 through 9 that were used to predict the performance of 
Stator 4 without slots and vortex generators a r e  included for  comparison with 
the t e s t  data. For  design equivalent rotor speed, the loss parameter values 
corresponding to the minimum loss coefficient in figure 22 a r e  above the correla- 
tion curves for  10 and 30% span and they a r e  on o r  below the correlation curves 
for 50, 70 and 90% span. 
Pressure  coefficient distributions fo r  the stator suction surface at 10 and 
90% span from the tip a r e  shown in figures 24 and 25. The data a r e  shown for  
design equivalent rotor speed a t  incidence angles corresponding to maximum 
attainable flow and near stage stall flow and three flows between these limits. 
The pressure distribution that corresponds to near minimum loss and the pre- 
dicted static pressure  r i se  a r e  indicated on each figure. 
Although the shapes of the hub and t ip static pressure distributions a r e  
s imilar  a t  minimum loss, the high tip deviation angle (approximately 8 deg 
larger  than predicted relative to a 3 deg difference for  the hub-figures 22b and 
h), combined with the apparent trend toward a constant static pressure coefficient 
a t  70% chord fo r  the tip section, indicates that the tip section apparently separated 
pr ior  to the hub-section. The measured static pressure r i se  from Station 2 to 
Station 2A for  the near minimum loss incidence angles a r e  also shown on the 
figures for  comparison with the data and predicted performance. These results 
indicate that the predicted pressure r ise was achieved a s  the result of axial 
diffusion downstream of the vane row and not because of stator turning. 
Slotted Rotor 4 - Slotted §tator 4 
Overall - - Performance 
Overall performance data a r e  presented in ternis of pressure ratio and 
adiabatic efficiency a s  functions of corrected weight flow ( ~ f i / / 6 )  and equivalent 
rotor  speed (N/&) f o r  the slotted rotor  and slotted stage, respectively, in 
f igures  26 and 2'9. The solid symbol on the s ta l l  line i s  the stall  point determined 
from the transietat data. Also shown in these figures i s  the effect of boundary 
layer  bleed flow on overall  performance. Overall performance and bleed flow 
data f o r  the steady-state data points a r e  presented in table A-1 of Reference 14. 
The ro tor  achieved a n  efficiency of 80% and a p re s su re  ratio of 1.258 at 
design equivalent rotor  speed and corrected flow (110 lb/sec) compared with 
respective design values of 89.5% and 1.349. Stage efficiency and p re s su re  
ratio were  66.5% and 1 .21  (figure 27), respectively, at design equivalent rotor  
speed and corrected flow compared to  respective design values of 83.8% and 
1.324. As indicated i n  figures 26 and 27, reducing the boundary layer  bleed 
flow resulted in  a lower stall  flow with reduced rotor  and stage pressure  ratio 
and efficiency. 
Rotor Blade Element Performance 
Blade element performance and velocity diagram data  a r e  tabulated in  
table B-2 of Reference 14  for  each of the nine design streamline locations. 
Rotor diffusion factor ,  deviation angle, and lo s s  coefficient a r e  shown as 
functions of incidence angle in figures 28a through 28i. The lo s ses  in  the hub 
and t ip  regions (15% span from ei ther  wall) a r e  extremely high relative to pre- 
dicted values f o r  all incidence angles; the lo s s  coefficients in  these regions a r e  
between 0.25 and 0.45. At design incidence angle the losses  f rom 30 to 70% span 
a r e  also l a rge r  than design. La rge r  than design deviation angles f rom 5 through 
90% span, combined with increased midspan axial velocity associated with the 
high wall losses ,  resulted in  lower than design diffusion factors  f rom 30 to  90% 
span. Between 5 and 15% span the diffusion fac tors  a r e  grea te r  than o r  equal to 
design because the reduction in  axial velocity in  this  region was sufficient t o  
offset the reduction in  loading caused by Lhe large rotor  deviation angles. 
The effect of rotor t ip  bleed flow on blade element performance i s  a lso 
indicated in f igures  28a through 28i. Reducing the bleed flow resulted in 
significantly g rea t e r  losses  and diffusion fac tors  for  the outer 30% span. The 
deviation angles f rom 5 to 15% span a r e  also substantially higher with reduced 
bleed flow, These increases  do not appear to be norrnal extensions of the blade 
element 'boss, deviation ailgle and diifusiori factor characteristics at the t ip with 
bleed flow, and a r e  apparently associated with increased secondary flow, The 
increase i n  axial velocity f rom 50 to 100% span associated with the high t i p  
l o s ses  resulted in reduced loading and losses  fo r  the hub region, 
Loss parameter  ve r sus  diffusion factor i s  presented in f i g ~ ~ r e s  29a thmugh 
29e for  10, 30, 50, 70, and 90% span. Correlation curves  f o r  the minimum 
l o s s  data of References 4 through 9 and the slotted Stage 4 predicted performance 
curves a r e  included on the figures f o r  comparison with the data. The predicted 
performance curves  a r e  more optimistic than the data  correlat ion curves 
because of the expected reduction in  losses  with s lots  and wall vortex generators.  
Fo r  design equivalent rotor  speed the minimum los s  parameter  values a r e  above 
the predicted performance and data  correlat ion curves a t  all span locations. 
Stator Blade Element Performance 
The s tator  inlet Mach Number and a i r  angle distributions for design 
equivalent ro tor  speed a r e  shown in figure 30. The s ta tor  midspan region 
(approximately 30 to 70% span) was operating with l e s s  than design incidence 
over  the entire flow range. Design incidence near the wall (15% span f rom 
ei ther  wall) occurred at approximately design flow (110 lb/sec). As indicated 
in  figure 30, the Mach No. a r e  higher than predicted for  the midspan region 
and lower near the t ip fo r  all flow conditions. 
Blade element performance and velocity diagram data  a r e  tabulated in  
table B-2 of Reference 14  for  each of the nine design s t reamline locations. 
Stator diffusion factor ,  deviation angle, and loss  coefficient a r e  plotted a s  
functions of incidence angle i n  figures 31a through 31i. At design incidence 
angle the diffusion fac tors  a r e  l e s s  than the predicted values f rom 5 to  30% 
span and f rom 85 to 95% span regions. At 50 and 70% span design incidence 
was not obtained and the maximum diffusion factor was l e s s  than predicted. 
Larger  than design deviation angles ac ros s  the entire span a r e  pr imari ly  
responsible for  the low diffusion factors.  The minimum los s  coefficients were  
equal to o r  l e s s  than the predicted values except a t  the t ip (5, 10, and 30% span); 
but they did not occur  at the design incidence angles. 
The effect of bleed flow on s tator  performance for  design equivalent 
ro to r  speed i s  a lso indicated in  figures 31a through 31i. Reducing the s tator  
bleed produced a noticeable increase in  boss coefficient at the s tator  hub. 
Elowever, decreasing the stator bleed flow had li t t le effect on the s tator  tip, 
The change to l a rge  positive incidence angles seen at the s ta tor  t ip without bleed 
flow and the associated l o s s  increase is attributed to  the large reduction i n  
s ta tor  inletaxial  veloci"cgr caused by the increased ro tor  tip losses  without bleed, 
Loss ptzrarneter i s  shown as a function of diffusion fa-ctor i n  figures 32a 
through 32e for 10, 30, 50, 70, and 90% span. Correlation curves fo r  the 
minimum los s  da ta  of References 4 through 9, and the slotted Stage 4 predicted 
performance curves  a r e  included in the figures f o r  comparison with the data. 
The predicted performance curves  a r e  more  optimistic than the data correlation 
curves because of the expected improvement i n  l o s ses  f rom slots  and vortex 
generators.  Fo r  design equivalent rotor speed, the l o s s  parameter  values at 
50, 70, and 90% span  f rom the tip, that correspond to  the minimum los s  
coefficients i n  figure 31, a r e  approximately on o r  below the predicted perform- 
ance curves. At the other span location, the loss  parameter  values that correspond 
to  the minimum l o s s  coefficients a r e  above the predicted performance and data  
correlation curves.  
Slotted Rotor 4 - Slotted Stator 4 with 
Vortex Generators Ahead of the Rotor 
Overall  Performance 
Overall performance data a r e  presented i n  t e r m s  of pressure  ratio and 
adiabatic efficiency a s  functions of corrected weight flow (w&) and equivalent 
rotor  speed (~/\/ij) fo r  the rotor  and stage in  f igures  33 and 34. The solid 
symbol on the stall line i s  the stall point determined f rom the t ransient  data. 
Also shown in these  figures is the effect of boundary layer  bleed flow on overall  
performance. Overall  performance and bleed flow da ta  for  the steady-state points 
a r e  presented in  table  A-3 of Reference 14. 
The slotted rotor  achieved an  efficiency of 79.5% and a p re s su re  ratio of 
1.254 at design equivalent rotor  speed and corrected flow (110 lb/sec), compared 
with respective design values of 89.5% and 1.349, Stage efficiency and p re s su re  
ratio were 65.0% and 1.203, respectively, at  design equivalent rotor speed and 
corrected flow conditions compared with respective design values of 83.8% and 
1.324. As indicated in  figures 33 and 34, reducing the wall boundary layer  bleed 
flow resulted in  a lower stall  flow with reduced rotor  and stage p re s su re  ratro 
and efficiency, 
Rotor Blade Element Performance 
Blade element: performance and velocity diagram da ta  a r e  tabulated in  
table B-3 of Reference 14 for  each or' the nine design s t reamline locations. Rotor 
diffusion factor,  deviation angle, and loss  coefficient a r e  shown a s  functions of in- 
cidence angle in figures 35a through 35i. The losses  in the hub and tip regions 
(15% f rom e i ther  wall) a r e  high relative to the predicted values fo r  all incidence 
angles,  with l o s s  coefficients of 0.25 o r  larger .  The losses  a t  30% span a r e  also 
g rea t e r  than the predicted values for  a l l  incidence angles, with loss  coefficients 
of 0.13 to 0.20 relative t o  the predicted value of 0. 095. At design incidence 
angle the losses  a t  50 and 70% span a r e  approximately equal to  the predicted 
values. Deviation angles near  the hub and tip (15% span f rom ei ther  wall) at 
design incidence angles a r e  5 to 9 deg g rea t e r  than the design values, whereas 
nea r  the middle of the flowpath (30 t o  70% span) they a r e  within 2 deg of design. 
Between 30 and 70% span the diffusion factors  a r e  l e s s  than predicted because 
of the increased midspan axial velocities associated with the high wall losses .  
Near the wall (15% span f rom ei ther  wall) the diffusion factors  a r e  approximately 
equal to o r  g rea t e r  than the predicted values since the reduction in diffusion 
factor  associated with the high deviation angles was offset by the effect of the low 
axial velocities in these regions. 
The effect of rotor  tip bleed flow on blade element performance i s  a lso 
indicated in figures 35a through 35i. With reduced bleed flow the lo s ses  and 
diffusion factors  a r e  significantly g rea t e r  f rom 5 to 30% span. Moreover, the 
deviation angles f o r  the 5 to 15% span region a r e  substantially higher with re-  
duced bleed flow. These increases  do not appear to be normal extensions of the 
blade element loss ,  deviation angle and diffusion factor  character is t ics  at the 
tip with bleed flow, and a r e  apparently associated with increased secondary 
flows. In the hub region, the increase in axial velocity associated with the high 
tip losses ,  unloaded the blades and reduced the losses  f rom 70 to 95% span. 
Loss  pa rame te r  i s  shown a s  a function of diffusion factor in figures 36a 
through 36e for  10 ,  30, 50, 70, and 90% span. Correlation curves for  the nzini- 
mum loss  data of References 4 through 9, and the slotted Stage 4 predicted per- 
formance curves a r e  included for  comparison with the data. The predicted per- 
formance curves  a r e  more  optimistic than the  data correlation curves  because 
of the expected reduetioil in losses  with siots and vortex generators ,  For  de- 
sign equivalent rotor  speed, the loss  parameter  values at  10, 30, 70, and 90% span 
t1aa"correspolid to the minirnum loss  coefficients in figure 35 a r e  above the pre-  
dicted p e r f ~ ~ n a a n c e  and correlation curves,  At niidspan the loss  parameter  that 
corresponds to the minimtm loss  coefficient in figure 35e i s  approximately on the 
predicted performance curve. 
Stator Blade Element Performance 
The s tator  inlet  Mach No. and a i r  angle distributions f o r  design equivalent 
rotor  speed a r e  shown in figure 37. As seen in the figure,  the hub and tip re -  
gion data  indicate operation over  a wide range of incidence angles both above and 
below the design incidence, whereas the data  fo r  30, 50, and 70% span indicate 
operation pr imari ly  below design incidence. As indicated in f igure 37, the 
Mach No. f o r  a l l  flow conditions were close to the predicted values ac ros s  the 
ent i re  span. 
Blade element performance and velocity diagram data a r e  tabulated in  
table B-3 of Reference 14 for  each of the nine design s t reamline locations. 
Stator diffusion factor ,  deviation angle, and loss  coefficient a r e  presented a s  
functions of incidence angle in figures 38a through 38i. The diffusion factors  
a r e  slightly lower than the indicated predicted values ac ros s  the ent i re  span, 
pr imari ly  because of the relatively large deviation angles seen  in the figures 
and the associated high exit  tangential velocities. Stator losses  a r e  high relative 
to the indicated predicted values from 5 to 30% span and from 85 to 95% span. At 
50 and 70% span the losses  a r e  slightly l e s s  than the predicted values. 
The effect of bleed flow on stator performance i s  indicated in figures 38a 
through 38i. Reducing the s tator  bleed produced a noticeable increase in the loss  
coefficient a t  the s ta tor  hub. However, decreasing the s tator  bleed flow had 
little effect on the s tator  tip. The change to Iarge positive incidence angles a t  the 
s tator  tip without bleed flow and the associated loss  increase i s  attributed to 
the large reduction in s ta tor  inlet axial velocity caused by the increased rotor  
tip losses  without bleed. 
Loss parameter  i s  shown a s  a function of diffusion factor in figures 39a 
through 39e for  1 0 ,  30, 50, 70, and 90% span. Correlation curves for  the mini- 
mum loss  data of References 4 through 9, and the slotted Stage 4 predicted per -  
formakice curves a r e  illeluded on the figures for colnparison with the data, The 
predicted performance curves a r e  inore optimistic than the data  correlation curves 
because of the expected inipvovement in losses  from slots  and vortex generators ,  
For design equivalent rotor speed, the loss parallieter valires at 50? '70, and 90% 
span that correspond to the niinilliurli loss coefficients in figure 38 a re  lower 
than the predicted performance curves. At the other span locations (10 and 
30% span) the loss parameter values a r e  above the correlation curves. 
Unslotted Rotor 4 - Slotted Stator 4 With Vortex Generators 
Ahead of the Rotor and Between the Rotor and Stator 
During the testing of this configuration approximately one-third of the 
stator inlet vortex generators separated from the wall. Since the time at which 
the separation occurred could not be determined and since the relationship of the 
remaining vortex generators to the instrumentation locations was such that 
sufficient pressure,  temperature, and a i r  angle data was not available for vane 
passages with vortex generators, the influence of the stator inlet vortex genera- 
tors on stator performance could not be evaluated. However, the slotted stator 
performance data is included in this report for the reader's convenience. Be- 
cause of their small size, the effect of the non-uniform distribution of the re- 
maining stator inlet vortex generators oil rotor performance is considered 
negligible. Therefore, the performance results for the rotor with inlet vortex 
generators a r e  considered valid. 
Overall Performance 
Overall performance data a r e  presented in terms of pressure ratio and adi- 
abatic efficiency as  functions of corrected weight flow ( ~ 6 1 6  ) and equivalent 
rotor speed ( ~/fi) or the rotor and stage in figures 40 and 41. The solid 
symbol on the stall  line i s  the stall point determined from the transient data. 
Also shown in the figures is  the effect of boundary layer bleed flow on overall 
performance. Overall performance and bleed flow data for the steady-state 
data points a r e  presented in table A-4 of Reference 14. 
The rotor achieved an efficiency of 86.5% and a pressure ratio of 1.30 
at  design equivalent rotor speed and corrected flow (110 lb/sec) compared with 
respective design values of 89.5% and 1.349. Stage efficiency and pressure 
ratio were 72.3% and 1.247 at design equivalent rotor speed and correct flow 
conditions compared to respective design values of 83.8% and 1.324. As indicated 
in  figures 40 and 41, reducing the boundary layer bleed flow msulted in a lower 
stall flow with reduced rotor and stage pressure ratio arid efficiency. 
Rotor Blade Elenlent Perfor~naiice 
--  
Blade element perforil~ance and velocity cliagram data a r e  tabulated in 
table E-4 af Reference 14 for each of the nine clesign streamlitie locations, 
Rotor diffusion factor, deviation angle, and loss coefficient a re  shown a s  func- 
tions of incidence angle in figures 42a through 42i. The losses in the hub and 
tip regions (15% span from either wall) a r e  high relative to the predicted values. 
Larger than design deviation angles from 5 through 15% span and 70 through 95% 
span combined with increased lnidspan axial velocity associated with the high wall 
losses resulted in lower than design diffusion factors froin 30 to 95% span. 
From 5 to 15% span the diffusion factors a re  greater than the predicted values 
because the reduction in axial velocity in this region was sufficient to offset the 
reduction in loading associated with the large rotor deviation angles. 
The effect of rotor-tip bleed flow on the blade elenlent perforniance is  
indicated in figures 42a through 42i. With reduced bleed flow the losses and 
diffusion factors a r e  larger from 5 to 15% span. The deviation angles from 
5 to 15% span a r e  also substantially higher with reduced bleed flow. These 
increases do not appear to be normal extensions of the blade element loss, 
deviation angle and diffusion factor characteristics at  the tip with bleed flow, 
and a r e  apparently associated with increased secondary flows. The increase 
in axial velocity from 50 to 95% span associated with the high tip losses reduced 
the loading and losses for the hub region, 
Loss paramter versus diffusion factor is presented in figures 43a through 
43e for 10, 30, 50, 70, and 90% span. Correlation curves for the minimum 
loss data of References 4 through 9 and the slotted Stage 4 predicted performance 
curves a r e  included for comparison with the data. The predicted performance 
curves a r e  more optimistic than the data correlation curves because of the, 
expected reduction in losses with slots and vortex generators. For design 
equivalent rotor speed, the loss parameter values that correspond to the 
lninimulli loss coefficients in figure 42 and 30 at  50% span a re  on o r  below the 
predicted performance curves, whereas at  70 and 90% span they a re  above 
the data correlation curves. Al 10% span the loss parameter value that cor- 
responds to the rninirnuln loss coefficievlt in figure 42b is  between the data 
correlation and predicted performance curves, 
Stator Bkade Element Performanee 
-- 
As previously stated, appmxiunately one-third of the stator inlet vortex 
generators were lost during the test progran~,  The non-uniform distribution 
of the remaining vortex generators and their location relative to the instru- 
mentation precluded their evaluation. However, the stator blade element data 
a r e  presented for general information purposes. 
The stator inlet Mach No and a i r  angle distributions for design equivalent 
rotor speed a r e  shown in figure 44. The predicted distributions (with slots 
and vortex generators) a r e  included for comparison, and with the exception of 
the tip Mach No. are  seen to be within the range of test data. For design flow 
the stator was operating with less than design incidence angle from 15 to 85% 
span and approximately design incidence a t  the hub. The tip sections (5 and 10% 
span) were operating with higher than design incidence angle at  design flow, 
Blade element performance and velocity diagram data a r e  tabulated in 
table B-4 Reference 14 for each of the nine design streamline locations. Stator 
diffusion factor, deviation angle, and loss coefficient a r e  plotted a s  functions 
of incidence angle in figures 45a and 45i, The losses a r e  higher than the 
predicted values from 5 to 15% and from 90 to 95% span, At 30 and 50% 
span from the tip the losses a re  slightly less  than predicted. The diffusion 
factors a r e  less  than the predicted values across the span primarily because 
of the larger than design deviation angles seen in the figures and the associated 
high exit tangential velocities. 
The effect of bleed flow on stator performance is  also indicated in figures 
45a through 45i. Reducing the stator bleed flow produced a noticeable increase 
in the loss coefficient at  the stator hub, However, decreasing the stator bleed 
flow had little effect on the stator tip losses, The change to large positive 
incidence angles seen a t  the stator tip without bleed flow is attributed to the 
large reduction in stator inlet axial velocity caused by the increased rotor tip 
losses without bleed, 
Loss parameter versus diffusion factor is presented in figures 4Ga 
through 4Ge for 10, 30, 50, 70, and 90% span, Correlation curves for the 
minimun~ los s  data of References 4 through 9 and the slotted Stage 4 predicted 
performarree curves are included for comparison with the data, The predicted 
performance curves and more optimistic than the data correlation curves 
because of the expected reduction in losses with slots and vortex generators, 
2 4 
For design ecjt~ivalerit rotor speecl, the loss parameter values cor~espo~icling 
to the lninimum loss coefficients in fjguve 45 at 10 and 70% span a r e  on o r  
above the predicted predicted performance ancl correlation curves, while at 
50 and 90% span they a r e  below the predicted performance curves. At 30% 
span the loss parameter value that corresponds to the lninilnum loss coefficient 
in figure 45d i s  approximately on the predicted performance curve. 
SUMMARY AND COMPARISON OF PERFORMANCE 
This section provides a sulninary and a comparison of the overall and 
blade element perforlnaiice that was presented for individual stage collfigurations 
in preceding sections. 
Performance Summary 
The several stage 4 configurations tested exhibited generally poor 
pressure ratios and efficiencies compared to the predicted values. The low 
rotor total pressure ratios a re  attributed to reduced rotor work input due to 
increased midspan axial velocity (associated with the losses near the walls), 
a~ld larger than design deviation angles near the walls. The low rotor effi- 
ciencies result primarily from the high losses near the walls. High stator 
losses resulted ia poor stage efficiency. The stator tip losses were particularly 
high colnpared to the predicted losses for the tip region. 
Reducing the wall boundary layer bleed flow in the rotor and stator altered 
the rotor and stage pressure ratio and efficiency and changed the pressure ratio- 
flow characteristic at constant rotor speed. The cause of this result is  believed 
to be a redistribution of the flow brought a b u t  by increased secondary flow and 
higher losses in the rotor tip region. 
Performallce Comparisons 
The operating characteristics (pressure ratio-flow) for the 4 configu- 
rations a r e  coniparecl for lmth the rotor ancl stage i11 figure 47. The corre- 
spondiiig efficiencies a r e  compared ir-i figure 48. Since it i s  of interest to note 
the range ancl stall l~iargiri obtaii~ed with each configuration, the stall limit 
tilies a r e  irielucleci otl figpres 41 at id  48, A s  disc~rssed iri the Data Reduction 
Proeeclures, the stall limit l i i~e  was cl~hte~rnfned by calculatillg the incipient 
stall f low from thr  Lrar-csient recording of hellmouth static pressure and 
extrapolating the steacly-state pressure ratio-flow characteristic to the 
stall f low, To provicle a quantitative critevion for evaluating the stability 
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range of each eodiguration, the stalk margin (percentage by which the pressure 
ratio divided by the flow at stall exceeds that quantity at the design point) 
was calculated for both the rotor and stage and is presented in table A-5 of 
Reference 14 for each configuration, 
With the exception of the minimum flow data a t  70% of design equivalent 
rotor speed, the pressure ratio and efficiency of slotted stage 4 were lower than 
those of the baseline configuration. At design corrected rotor speed, the slots 
caused a shift in the pressure ratio-flow characteristic toward lower flow. 
At 70% design corrected rotor speed, the maximum flow for the slotted stage was 
less  than the maximum flow for the baseline stage, but the stall flows were 
approximately the same. The addition of vortex generators ahead of the slotted 
rotor resulted in slightly higher peak rotor and stage efficiencies, but the 
efficiencies were still substantially less than the baseline configuration at 
design equivalent rotor speed. 
The addition of vortex generators ahead of the rotor and between the rotor 
and stator of a stage comprised of unslotted rotor 4 and slotted stator 4 resulted 
in approximately a 10% increase stall margin, relative to the baseline con- 
figuration, at design speed without a reduction in peak pressure ratio. A s  
shown in figure 48, the increase in surge margin was also accompanied by 
higher peak rotor and stage efficiencies. The maximum flow was reduced 
somewhat from that of the unslotted stage. At the higher flows the pressure 
ratio was slightly less than the unslotted baseline stage, but the reductions 
in pressure ratio and efficiency were significantly less than that observed 
with the slotted stage. Since the surge line is approximately the same for 
the slotted stage both with and without rotor inlet vortex generators, one 
might conclude that the stator inlet vortex generators were responsible for the 
gain in surge margin for the unslotted rotor and slotted stator stage. Since 
the loss of approximately 30% of the stator inlet vortex generators precluded 
their evaluation and since the stage was not tested without the stator inlet 
vortex generators, the individual effects of the rotor and stator inlet vortex 
generator cannot be separated. However, the increase in surge margin can be 
partially attributed to the rotor inlet vortex generators since they unloaded 
the rotor blade end regioiis and reduced the losses at high incidence angles 
allowing the midspan loading to increase prior to stall, The increase in mid- 
span loading was accompanied by operation at higher incidence angles and con- 
sequently lower flows before reaching a stalled condition, 
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Colrzposite plots of ro tor  loss  coefficieizt, deviatioil angle, arid diffusion 
factor a r e  presented as a fullction of incidence angle for  the four configura- 
tions at the hub, mean and tip in fig~sres 49a through 49c, As previously 
stated, the rotor slots increased the wall losses and tip deviation angles 
while the addition of vortex generators upstream of the unslotted rotor reduced 
the wall loading and losses at the higher incidence angles. The midspan losses 
and hub deviation angles were also reduced by the addition of the vortex 
generators ahead of the unslotted rotor. The addition of vortex generators 
ahead of the slotted rotor produced a slight reduction in rotor tip losses rela- 
tive to the slotted rotor results, with little change a t  the hub. 
The same blade element performance variables a re  presented for the 
stator hub, mean and tip sections in figures 50a through 50c. The slots 
lowered the stator hub loading and slightly reduced the losses, but the reductions 
in losses were not significant enough to affect the stage performance. The 
effect of the stator inlet vortex generators on stator performance could not 
be evaluated because approximately one-third of the vortex generators separated 
from the wall during the test program. 
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Figure 14. Typical Stall Transient Data 
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Figure 15. Comparison of Stator h l e t  and Exit Wall DF 83416 
Static P ressures  at Near Design Flow 
Figure 16, Station 0 Corrected Static P r e s s u r e  v s  Cor rec ted  Weight Flow DF 17017 
Figure  17. Overall Performance of Unslotted Rotor D F  83381 
49 
Figure 18, Overall Performance of Unslotted Stage 4 DF 83382 
5 0 
Figure L9a, Unslotted Rotor 4 Blade Element D F  83383 
Performance, 5% Span From Tip 
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Figure 19b, Unslotted Rotor 4 Blade Element D F  83384 
Perforniance, 10% Span Froni Tip 
Figure b9c, Unslotted Rotor 4 Blade Element D F  83385 
Performance, 15% Span Froni Tip 
Figure 19d, Unslotted Rotor 4 Blade Element D F  83386 
Performance, 30% Span From Tip 
Figure B9e, UnsZotted Rotor 4 Blade Element D F  83387 
Performance, 50% Span From Tip 
Figure 19f. Unslotted Rotor 4 Blade Elenleiit DF 83388 
Performance, 10% Span F rom Tip 
Figure 19g, Unslotted Rotor 4 Blade Element D F  83389 
Perlormanee, 85% Span From Tip 
Figure 19h, Unslotted Rotor 4 Blade Element D F  83390 
Performance, 90% Span Froin Tip 
58 
Figure 1%. Unslotted Rotor 4 Blade Element DF 83391 
Performance, 95% Span From Tip 
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Figure 20c. Rotor 4 Loss Parameter vs Diffusion Factor, 50% Span From Tip DF 83394 

Figure 20e, Rotor 4 Loss Parameter vs Diffusion Factor, 90% Span From Tip D F  83396 

Figure 22a, Unslotted Stator 4 Blade Elei~ient DP 83399 
Perforiiiance, 5% Spaii From Tip 
6 6 

Figure 22c, Unslotted Stator 4 Blade Element DF 83399 
Performance, 15% §pal From Tip 
Figure 22d. Unslotted Stator 4 Blade Elelnent DF 83400 
Performance, 30% Span From Tip 
Figxre 22e. Unslotted Stator 4 Blade Elernent DF 83401 
Performance, 50% Span Froill Tip 
Figure 22f, Unslotted Stator 4 Blade Element D F  83402 
Perfornzance, 70% Span F r o m  Tip 
Figure 22g. Unslotted Stator 4 Blade Element DF 83403 
Performance, 85% Span From Tip 
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Figure 22h. Unslotted Stator 4 Blade Elenieiit DF 83404 
Perfor~iiaiice, 90% Span From Tip 
Figure 22i, Unslotted Stator 4 Blade Element D F  83405 
Performance, 95% Span Froni Tip 

Figure 23b. Stator 4 Loss Parameter vs Diffusion Factor, 30% Span From Tip DF 83407 

Figure 2313. Stator 4 Loss Parameter vs Diffusion Factor, 70% Span From Tip DF 83409 

Figure 24. Unslotted Stator 4 Static Pressure  DF 83416 
Coefficient, 100% Design Equivalent 
Rotor Speed-10% Spa1 
Figure 25, Ulzslotted Stator 4 Static Presstire DF 8341 7 
Coefficient, 100% Design Equivalent 
Rotor Speed-90% Span 
Figure 26. Overall Perfoumalce, Slotted Rotor 4 DF 83411 
82 
Figure 27, Overall Performance, Slotted Stage 4 DF 83412 
8 3 
Figure 28a. Slotted Rotor 4 Blade Element BF 83418 
Performance, 5% Span Froill Tip 
84 
Figure 28b, Slotted Rotor 4 Blade Element DF 83419 
Performance, 10% Span From Tip 
8 5 
Figure 28c ,  Slotted Rotor 4 Blade Element D F  83420 
Performance, 15% Span From Tip 

Figure 28e, Slotted Rotor 4 Blade Element D F  83336 
Performaace, 50% Spari Froni Tip 
Figure 28f, Slotted Rotor 4 Blade Elenlent DF 83337 
Performance, 70% Spa1 From Tip 
8 9 
Percent of Design Equivale 
Figx~re 28g, Slotted Rotor 4 Blade Element D F  $3338  
Performance, 85% Span From Tip 
Figure 2811, Slotted Rotor 4 Biadc Element DF 333339 
Performance, 90% Spa i  Froin Tip 
Figi-tre 28i.  Slotted Rotor 4 Blade E le rne~t  DF 83340 
Performance, 95% Span Prom Tip 
Figure 29a, Slotted Rotor 4 Loss Parameter vs Diffusion Factor, 10% Span From Tip D F  83341 
w 
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Figure 29d. Slotted Rotor 4 Loss Parameter v s  Diffusion Factor, 70% Span From Tip DF 83344 


E'igxre 312, Slotted Stator 4 Blade LZe~neni D F  83346 
Performance, 5% Span From Tip 
Figure 3 Jb, Slotted Stator 4 Blade Elerxeirl DF 83341 
~erforma;lce, 10% Spa1 From Tip 
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Figure 31e, Slotted Stator 4 Blade Element DF 83348 
Performance, 15% Span From Tip 
Figure 31d, Slotted Stator 4 Hade Element DE' 83349 
Performanee, 30% Span From Tip 
Figure 31e. Slotted Stator 4 and Blade Elerne2t D F  83350 
Performance, 50% Span From Tip 
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Figure 3Lg, Slotted Stator 4 Blade Element DF 83352 
Performance, 85% Span From Tip 
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Figure 3Lh- Slotted Stator 4 Blade Element DP  83353 
Performance, 90% Span F rom Tip 
Figure 31i. Slotted Stator 4 Blade Element DY 83354 
Performance, 95% Span From Tip 
109 





E'igzxr-e 33. Overall  Perfor lnance Slotted Rotor  4 DP 83360 
(With Vortex Generators  Ahead of the 
Rotor)  
Figure 34, Overall PerSormar.iee Slotted Stage 4 DF 83364 
(With Vortex Generators Ahead of 
the Rotor) 
Figure 352, Slotted Rotor 4 (With Vortex DF 83422 
Generators Ahead of the Rotor) Blade 
Element Performance, 5% Span Froni Tip 
Figure 3%- Slotted Rotor 4 (With Vortex Gevierators DF 83423 
Ahead of the Rotor) Blade Element 
Performance, 10% Span From Tip 
Figure 35c ,  Slotted Rotor 4 (With Vortex Generators Dl? 83424 
Ahead of the Rotor) Blade Element 
Performance, 15% Span From Tip 
Figure 35d. Slotted Rotor 4 (VJith Vortex Generators DF 83362 
Ahead of the  Rotor) Blade Element 
Performance, 30% Span From Tip 
Figure 35e, Slotted Rotor 4 (With Vortex Getlerators D F  83363 
Ahead of the Rotor) Blade Element 
Performance,  50% Span Froni Tip 
Figure 35f, Slotted Rotor 4 (With Vortex Generators D F  83364 
Ahead of the Rotor) Blade Element 
Performance, 70% Span Froni Tip 
Figure 35g, Slotted Rotor 4 (With Vortex Generators DF 83365 
Ahead of the Rotor) Blade Element 
Performance, 85% Spm From Tip 
Figure 3%- Slotted Rotor 4 (Wit11 Vortex Generators Dr' 83366 
Ahead of the Rotor) Blade Elemekrt 
Performance, 90% Span Froin Tip 
Figure 35i Slotted Rotor 4 (With Vortex Generators D F  83367 
Ahead of the Rotor) Blade Element 
Performance,  95% Spaii F rom Tip 
Figure 36a, Slotted Rotor 4 (With Vortex Generators  Ahead of the  Rotor) Loss  P a r a m e t e r  v s  
Diffusion Fac tor ,  10% Span From Tip 



Figure 36e, Slotted Rotor 4 (With Vortex Generators Ahead of the Rotor) Loss Parameter vs 
Digusion Factor, 90% Span From Tip 

Figure 38a, Slotted Stator 4 (With Vortex Csnera ts rs  DF 8337'3 
Ahead of the Rotor) Blade Element 
Performance, 5% Span From Tip 
Figure 38h, Slotted Stator 4 (With Vortex Generators DF83374 
Ahead of tlie Rotor) Blade Elelllent 
Performance, 10% Span From Tip 
Fig~rre 3&e,  Slotted Stator 4 (With Vortex Generator D F  83375 
Ahead of the Rotor) Blade Elemerit 
Perforrnak~ce, 15% Span From Tip 
Figure 38d, Slotted Stator 4 (With Vortex Generators DF 83356 
Ahead of the Rotor) Blade Element 
Performance, 30% Span Froin Tip 
Figure 38e. Slotted Stator 4 (With Vortex Generators  D F  83577 
Ahead of the Rotorj Blade Element 
Performance, 50% Span From Tip 
Figure 38f,  Slotted Stator 4 (With Vortex Generators DF 83378 
Ahead of the Rotor) Blade Element 
Performance, '70% Span From Tip 
Figxue 38g,  Slotted Stator 4 (With Vortex Generators DF 83379 
Ahead of the Rotor) Blade Elenlent 
Performance, 85% Span From Tip 
Figure 3611. Slotted Ststor 4 (With Vortex C~nerators DF 83380 
Ahead ~f the Rotor) Blade Elelllent 
Performance, 90% Span From Tip 
J?ig.,rrae 38i. Slotted Stator 4 (With Vortex Generators DF 83301 
Ahead of the Rotor) Blade Elenlent 
Performance, 95% Span From Tip 
I-' 
Figure 39a, Slotted Stator 4 (With Vortex Generators Ahead of the Rotor) Loss Parameter  v s  
W 
w 
Diffusion Factor,  10% Span From Tip 

w 
Figure 39e. Slotted Stator 4 (With Vortex Generators Ahead of the Rotor) Loss Parameter  v s  
f2 Diffusion Factor,  50% Span From Tip 
Figure 39d. Slotted Stator 4 (With Vortex Generators Ahead of the Rotor) Loss Parameter  vs  
Diffusion Factor, 70% Span From Tip 

Figure 40, Overall Pe r fo rn~ance  of Unslotted Rotor 4 DF 83309 
(With Vortex Generators Ahead of the 
Rotor and Between the Rotor and Stator) 
Figure 41. Overall Performance of Unslotted Stage DE' 83308 
4 (With Vortex Generators Ahead of the 
Rotor and Between the Rotor and Stator) 
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Figure 42a, Unslotted Rotor 4 (With Vortex Generators BF 83426 
Ahead of the Rotor and Between the Rotor 
and Stator) Blade Element Performance, 
5% Span From Tip 
Figure 42b, Ulislotted Rotor 4 (With Vortex BF 83309 
Generators Aliead of the Rotor and 
Between the Rotor and Stator) Blade Element 
Performance,  10% Span From Tip 
Figure 42c, Unslotteed Rotor 4 (With Vortex D F  83310 
Generators Ahead of the Rotor and 
Between the Rotor and Stator) Blade 
Element Performance, 15% Span From Tip 
Figure 42d, Unslotted Rotor 4 (With Vortex D F  83311 
Generators Ahead of the Rotor 
and Between the Rotor aid Stator) 
Blade Element Perforniance, 30% 
Span Proni Tip 
Figure 42e. Unslotted Rotor 4 (With Vortex DF 83312 
Generators Ahead of the Rotor 
and Between the Rotor and Stator) 
Blade Element Perforl-nm~ce, 50% 
Span F r o m  Tip 
Figure 42f, Unslotted Rotor 4 (Wit11 Vortex DF 83313 
Generators Ahead of the Rotor and 
Between the Rotor and Stator) 
Blade Elenierit Performance, 
7'0% Span From Tip 
Figure 42g, Unslotted Rotor 4 (With Vortex BF 83314 
Generators Ahead 01 the Rotctr 
and Between the Rotor and Stator) 
Blade EIemerit Performance, 85% 
Span From Tip 
Figure 42h,  Unslotted Rotor 4 (With Vortex DF $3315 
Generators Ahead of the Rotor atid 
Betweeii the Rotor and Stator) 
Biade Elelllent Performance, 90% 
Span Froill Tip 
Figure 42i,  IJnsiotted Rotor 4 (With Vortex DF 83316 
Generators Ahead of the Rotor 
and Between the Rotor and 
Stator) Blade Element Performance 
95% Span From Tip 
Figure 43a. Unslotted Rotor 4 (With Vortex Generators Ahead of the Rotor and Between the Rotor and D F  8331'17 
Stator) Loss Parameter vs Diffusion Factor, 10% Span From Tip 
Figure 43b, Unslotted Rotor 4 (With Vortex Generators Ahead of the Rotors and Between the Rotor and DF 83318 
Stator) Loss Parameter  vs Diffusion Factor, 30% Span From Tip 

Figure 43d, Unslotted Rotor 4 (With Vortex Generators Ahead of the Rotor and Between the Rotor and DF 83320 
Stator) Loss  Pa rame te r  v s  Diffusion Factor ,  70% Span F r o m  Tip 
Figure 43e, Unslotted Rotor 4 (With Vortex Generators Ahead of the Rotor and Between the Rotor and DF 83 
Stator) Loss Parameter  vs Diffusion Factor, 90% Span From Tip 

Figure 45a, Slotted Stator 4 (With Vortex DF 83322 
Generators Ahead of the Rotor 
and Between the Rotor and Stator) 
Blade Elenlent Performance, 5% Span 
F r o m  Tip 
Figure 45b, Slotted Stator 4 (With Vortex Genera- D F  83323 
tors Ahead of the Rotor and Between 
the Rotor and Stator) Blade Element 
Performance, 10% Span Frorn 'rip 
Figure 45c, Slotted Stator 4 (With Vortex DF 83324 
Generators Ahead of the Rotor 
and Between the Rotor and Stator) 
Blade Elenient Performance, 15% 
Span From Tip 
Figure 45d, Slotted Stator 4 (With Vortex D F  83325 
Generators Ahead of the Rotor 
and Bebveeii the Rotor arid Stator) 
Blade Element Perforniance, 30% 
Span From Tip 
Figure  45e, Slotted Stator 4 (With Vortex DF 83326 
Generators Ahead of the Rotor and 
Between the Rotor and Stator) 
Blade Elemevlt Performance, 
50% Span From Tip 
Figure 45E, Slotted Stator 4 (With Vortex DF 83329 
Generators Ahead of the Rotor 
and Between the Rotor and Stator) 
Blade Element Performance, 70% Span 
From Tip 
Figure 45g, Slotted Stator 4 (With Vortex DF 83328 
G n e r a t o r s  Ahead of the Rotor 
and Between the Rotor and Stator) 
Blade Element Performance, 85% 
Span From Tip 
Figure 45h, Slotted Stator 4 (With Vortex Dl? 83329 
Generators Ahead of the Rotor 
and Between the Rotor and Stator) 
Blade Elenient Perforniance, 90% 
Span Froni  Tip 
Figure 45i. Slotted Stator 4 (With Vortex DF 83330 
Generators Ahead of the Rotor 
and Between the Rotor and Stator) 
Blade Element Performatlee, 95% 
Span F rom Tip 
Figure 46a. Slotted Stator 4 (With Vortex Generators Ahead of the Rotor and Between the Rotor and DF 83331 
Stator) Loss Parameter  vs Diffusion Factor, 10% Span From Tip 
Figure 46b. Slotted Stator 4 (With Vortex Generators Ahead of the Rotor and Between the Rotor Dl? 83332 
and Stator) Loss Parameter vs Diffusion Factor, 30% Span From Tip 
Figure 46e. Slotted Stator 4 (With Vortex Generators Ahead of the Rotor and Between the Rotor and DF 83333 
Stator) Loss  Pa rame te r  v s  Diffusion Factor ,  50% Span F r o m  Tip 

Figure 46e. Slotted Stator 4 (With Vortex Generators Ahead of the Rotor and Between the Rotor and DF 83335 
Stator) Loss Parameter  vs Diffusion Factor, 90% Span From Tip 
Stage Pressure Ratio 
Coniparisons 
E'igure 48, Iiotor and Stage? Efficiency Comparisons D F  83429 
SLOTTED STAGE 4 
A SLOTTED STAGE 4 WITH VORTEX GENERATORS AHEAD OF THE ROTOR 
Figure 49a, Rotor Blade Elenlent Per forn la lce  DF 83430 
Comparisons, 10% Span Proin Tip, 
100% Design Equivalent Rotor Speed 
0 UNSMTTED STAGE 4 
(7 SLOTTED STAGE 4 
SLOTTED STAGE 4 WITH VORTEX GENERATORS AHEAD OF THE ROTOR 
Figure 49b, Rotor Blade Element Perforlnanee D F  83431 
Comparisons, 50% Span From Tip, 
100% Design Equivalent Rotor Speed 
Figure 4%. Rotor Blade Element Performance DF 83432 
Comparisons, 90% Span From Tip, 
100% Design Equivalent Rotor Speed 
Frlift~re 5Oa, Stator Blade Elenlent Performance DF 83433 
Con~par i sons ,  10% Span From TipF 
100% Design Equivalent Rotor Speed 
Figure sob, Stator Blade Element Performance DF 83434 
Comparisons, 50% Span From Tip, 
100% Design Equivalent Rotor Speed 
Figure 50c, Stator Blade Eleinent Performance nF 83435 
Comparisons, 90% Span From Tip, 
100 % Design Rotor Speed 
APPENDIX A 
DEFINfTICN O F  Sm4BOLS 
AND PERFORMANCE VARUBLES 
Flowpath annular area,  ft 2 
Inlet relative stagnation velocity of sound, ft/sec 
Chord length, in. 
Static pressure coefficient 
Diameter 
Diffusion Factor 
Incidence angle, deg (based on equivalent circular a r c  meanline) 
Absolute Mach number 
Rotor speed, rpm 
Minimum blade passage gap, in. 
Critical blade passage gap, in. 
Total pressure, psia 
Static pressure,  psia 
Blade niaxinium thickness, in. 
Total teiiiperature, OR 
Static temperature, OR 
Rotor speed, ft/sec 
Velocity, ft/sec 
Actual flowrate, lbm/sec 
Air angle, deg from axial direction 
Ratio of specific heats 
Blade-chord angle, deg from axial direction 
Ratio of total pressure to NASA standard sea  level pressure 
of 14,694 psia 
Deviation angle, deg 
Adiabatic efficiency 
Ratio of total temperature to NASA standard sea  level 
temperature of 518,7"R 
Blade inetal angle, deg from axial direction (based on 
eqaaivalent circular a r c  meanline) 
2 4 
nensity, ihi sec /ft 
Solidity, c/S 
(1, Blade camber angle, K - K deg 1 2' 
3 Loss coefficient 
B eos P/2e Loss parameter 
Subscripts: 
Compressor inlet (bellmouth) 
Rotor inlet 
Rotor exit 
Stator exit 
Stator exit (1.0 chord length downstream from Station 2A) 
Force 
Isentropic condition 
Local 
Mean or  mass 
Leading edge 
Trailing edge 
Static condition 
Axial component 
Tangential component 
Superscripts : 
I Related to rotor blade 
- Mass average value 
Definition of Overall. Per formance  Variables  
Pressure Ratio: 
P 
2 
Rotor: ---- 
 
Po 
Corrected Flow 
Corrected Specific Flow: 
Equivalent Rotor Speed: 
Adiabatic Efficiency: 
'Y- 1 Y -  1 
(P /T ) - 1  
2 0 
- 1  
Rotor: - Stage: - 
T2A /518.7 - 1 ~ ~ ~ / 5 1 8 . 7  - 1 
Polytropic Efficiency: 
Rotor: 7 = l n ( ~ ~ / 5 1 8 . 7 )  Stator: r) = P 'Ts ) 
1n(Ts2A 2 
Stall Margin: 
design 
Definition of Blacle Element Performance 'variables 
Incidence Angle : 
Rotor: i = 0; - K m 1 e Stator: im - - '2 - "le 
Diffusion Factor: 
vi Rotor: D = 1 - - + d2 Vg2 - d l V e  1 
'i (dl + d2) v1 la 
V 2 ~  Stator: D = 1 -  + d2 '62 - d 2 ~ V 0  2~ 
v2 (d2 ' d2A) 
Deviation Angle : 
Rotor: g o  = @ I 2  - K ~ ~  Stator: go = a, - 
Loss Coefficient: 
- 
- Piid - P'Z. 
Rotor: w =  - 
p; - P1 
where: LY 
7 -  1 
PI is found from p / p ~  = [I + MI21 
and MI is calculated using trigonometric functions and the measurements 
of U, 0 ,  P,  and p. 
- I 
Stator: o = 
p n  - Po 
where : 
= the wake rake freestream total pressure 
Stator Static Pressure Coefficient: 
APPENDIX B 
BLADE ELEMENT DESIGN DATA 
Rotor and stator design velocity diagram data, blade element geometry 
data and predicted performance for Stage 4 designed on the assumption that 
there would be reduced losses due to slots and vortex generators a r e  pre- 
sented in tables B-1 and B-2. Velocity diagram and predicted performance 
for the Stage 4 blading without assuming reduced losses due to slots and vortex 
generators a r e  given in tables B-3 and B-4. The rotor and stator design 
geometry from tables B-1 and B-2 a r e  repeated in tables B-3 and B-4. Symbols 
a r e  performance variables a r e  defined in Appendix A. 
w Table B-1. Slotted Rotor 4 Blade Element Design Data Along Design Streamlines 
CX, 
03 
Geometry Data 
Airfoil: NACA 65 (A = 1.0)  
No. of Blades: 60 
% Span f ro'm Tip 
Leading Trailing 
Edge Edge 'le te  G Y 
Velocity Diagram Data 
Corrected Rotor Speed 4210 
% Span From Tip 
Leading Trailing V, 
Edge Edge le zle V ' ~ l e  @ie 'le Le v 
Aspect Ratio: 1, 820 
Chord Length: 2.21 in. 
Table B-1, Slotted Rotor 4 Blade Element Design Data Along Design Streamlines (Continued) 
Pressure Ratio: 1.349 Efficiency: 89,5% 
% Span From Tip 
Leading 'Trailing 
Edge Edge 
Loss 
Parameter  
0.069 
0.058 
0.052 
0.034 
0.029 
0.037 
0.051 
0.056 
0.063 
Table B-2. Slotted Stator 4 Blade Element Design Data 
Along Design Streamlines 
Geometry Data 
Airfoil: NACA 65 (A = 1. 0) 
No, of Vanes: 58 
% S p m  From? Tip 
Leading Trailing K K 
Edge Edge le  te @ Y o  
Velocity Diagram Data 
% Span From Tip 
Leading Trailihg 
Edge Edge Vzle '0 le Ole V te 
Aspect Ratio: 1,689 
Chord Length: 2.182 in. 
Thickness Ratio, t/c: 0.090 
Stage Pressure  Ratio: 
% Span From Tip 
Leading Trailing 
Edge Edge 
Table B-2. Slotted Stator 4 Blade Element Design Data 
Along Design Streamlines English Units 
(Continued) 
Stage Efficiency: 83.8% 
- Loss 
0 Parameter 6" P te 
Table B-3. kinslotted Rotor 4 Blade Element Design Data Along Design Streamlines 
P 
CO 
N 
Airfoil:  NACA 65 (A = 1.0) 
No, of Blades: 60 
Geometry Data 
Aspect Ratio: 1-820 
Chord Length: 2,21 in, 
% Span f rom Tip 
Leadisg Trailing 
Edge Edge K d, 7 "  0/0* d t /e Kte l e  
Corrected Rotor Speed 4210 rpm 
Velocity Diagram Data 
Corrected Weight Flow: 3110 lblsee 
% &an from Tip 
~ead;r.i~ 'Trailing 
Edge Edge "le Vzle V'e l e  B'le 'le V'te Vzte V ' ~  t e  "te 'te 
Table B-3. Unslotted Rotor 4 Blade Element Design Data Along Design Streamlines (Continued) 
Design Performance Data 
Pressure Ratio: 1.335 
%Span from Tip 
Leading Trailing A@' 
Loss 
i 
m =f D' Parameter 60 
Efficiency: 8% 
Table B-4. Unslotted Stator 4 Blade Element Design Data 
Along Design Streamlines 
Geometry Data 
Airfoil: NACA 65 (A = 1.0)  
No, of Vanes: 58 
Aspect Ratio: 1,689 
Chord Length: 2. P82,ia, 
Thickness Ratio, d/e: 0,090 
% Span from Tip 
Leading Trailing K Edge Edge le 
Velocity Diagram Data 
% Spa3 from Tip 
Leading Trailing 
Edge Edge 'zle v zte 
Stage Pressure  Ratio: 1.305 
(ro Span from Tip 
Leading Trailing 
Edge Edge 
Stage Efficiency: 79,7% 
Loss 
Parameter  6 "  P te 
Table &4. Unslotted Stator 4 Blade Element Design Data 
Along Design Streamlines (Continued)' 
Design Performance Data 
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